Escherichia coli DnaA protein, a member of the AAA؉ superfamily, initiates replication from the chromosomal origin oriC in an ATP-dependent manner. Nucleoprotein complex formed on oriC with the ATP-DnaA multimer but not the ADP-DnaA multimer is competent to unwind the oriC duplex. The oriC region contains ATP-DnaAspecific binding sites termed I2 and I3, which stimulate ATP-DnaA-dependent oriC unwinding. In this study, we show that the DnaA R285A mutant is inactive for oriC replication in vivo and in vitro and that the mutation is associated with specific defects in oriC unwinding. In contrast, activities of DnaA R285A are sustained in binding to the typical DnaA boxes and to ATP and ADP, formation of multimeric complexes on oriC, and loading of the DnaB helicase onto single-stranded DNA. Footprint analysis of the DnaA-oriC complex reveals that the ATP form of DnaA R285A does not interact with ATPDnaA-specific binding sites such as the I sites. A subgroup of DnaA molecules in the oriC complex must contain the Arg-285 residue for initiation. Sequence and structural analyses suggest that the DnaA Arg-285 residue is an arginine finger, an AAA؉ family-specific motif that recognizes ATP bound to an adjacent subunit in a multimeric complex. In the context of these and previous results, the DnaA Arg-285 residue is proposed to play a unique role in the ATP-dependent conformational activation of an initial complex by recognizing ATP bound to DnaA and by modulating the structure of the DnaA multimer to allow interaction with ATP-DnaAspecific binding sites in the complex.
side triphosphate (NTP) interaction in addition to Walker-type NTP-binding motifs (23) (24) (25) (26) . Moreover, typical AAAϩ proteins such as the ␥ subunit of the clamp-loader complex and the bacterial proteasome subunit HslU can oligomerize. Detailed structure-function relationship analyses of some AAAϩ proteins indicate that in the oligomeric forms, the side chain of a specific arginine residue is exposed on the protomer surface and recognizes ATP that is bound to the adjacent protomer (25, 26) . This specific arginine motif is called the arginine finger. For example, the arginine finger of HslU plays a role in homohexamer formation and ATP hydrolysis in this HslU multimer (27) . Analyses of AAAϩ protein sequences and of the crystal structure of domains III-IV of the hyperthermophilic bacterium Aquifex aeolicus DnaA homolog suggest that arginine 281 or 285 of E. coli DnaA corresponds to the arginine finger (23, 24, 28) .
In this study, we reveal that the E. coli DnaA arginine 285 residue is uniquely required for the ATP-dependent activation of the DnaA initiator. Whereas oriC unwinding activity is specifically impaired in the DnaA R285A mutant, the protein retains DnaA box binding, ATP/ADP binding, DnaB loading, multimer formation on oriC, and RIDA-dependent ATP hydrolysis activities. Footprint analysis indicates that ATP-DnaA R285A does not recognize ATP-DnaA-specific motifs such as the I sites within oriC. We thus suggest that arginine 285 plays a crucial and unique role in the recognition of ATP bound to DnaA in the initiation complex and in the ATP-dependent conformational activation of this complex. During the preparation of this manuscript, Felczak and Kaguni (29) reported that a crude preparation of DnaA R285A was inactive in the initiation of minichromosome replication in vitro, but further biochemical characterization on this protein was not shown.
EXPERIMENTAL PROCEDURES
Buffers-Buffer BT contained 50 mM Tris-HCl (pH 7.5 at 1 M), 0.1 mM EDTA, 5 mM dithiothreitol, and 20% (v/v) glycerol. Buffer C contained 50 mM Hepes-KOH (pH 7.6), 1 mM EDTA, 20% sucrose, and 2 mM dithiothreitol. Buffer D contained 50 mM Hepes-KOH (pH 7.6), 0.1 mM EDTA, 10 mM magnesium acetate, 20% sucrose, 0.2 M ammonium sulfate, and 2 mM dithiothreitol. HKM150 buffer contained 25 mM Hepes-KOH (pH 7.6), 150 mM potassium acetate, 1 mM magnesium acetate, 0.005% Surfactant P20 (Biacore), 0.025 g/ml poly(dA-dT)-poly(dA-dT), and 0.025 g/ml poly(dI-dC)-poly(dI-dC).
Strains, Nucleic Acids, and Purified Proteins-E. coli K12 strains KA413 (dnaA46), KA450 (⌬oriC1071::Tn10 rnhA199(Am) dnaA17(Am)), and KA451 (dnaA850::Tn10 rnhA::cat) are derivatives of KH5402-1 (wild-type) (22) . WM433 (dnaA204) was previously described (22) . BL21(DE3) bearing pLysS was purchased from Novagen. pKA234 is a derivative of pING1 that overproduces wild-type DnaA (30) . pBSoriC and M13KEW101 are minichromosomal derivatives of the pBluescript and M13mp18 vectors, respectively, which bear a minimal oriC (31, 32) . M13-A site ssDNA is a M13-derived DNA with a hairpin structure carrying a DnaA box (31) . pKW13-1 bears a PCR-amplified dnaN fragment between the NdeI and HindIII sites of pET-21a(ϩ) (Novagen). Primers used for dnaN were 5Ј-CGCCATATGAAATTTACCGTA-GAACG and 5Ј-CGCAAGCTTTTACAGTCTCATTGGCATGAC. The ␤ subunit of pol III was purified as previously described (33) except that BL21(DE3) bearing pLysS and pKW13-1 was used for overproduction, and SP-Sephadex purification and chromatofocusing were replaced with ammonium sulfate (0.35 g/ml) precipitation and gel filtration using a Superose 12 HR10/30 column (Amersham Biosciences) equilibrated with buffer BT containing 300 mM NaCl. The His 6 -fused Hda protein (His-Hda) was purified as previously described (9) .
Construction and Purification of Mutant DnaA Proteins-Base substitutions were introduced into the wild-type dnaA allele carried on pKA234 with a QuikChange site-directed mutagenesis kit according to the manufacturer's instructions (Stratagene). Mutagenic primers used for construction of pKW23-2 (bearing dnaA R281A) are 5Ј-GAGAT-CAACGGCGTTGAGGACGCGTTGAAATCCCGCTTCGGTTG and its complementary strand, and those for pKW24-1 (dnaA R285A) are 5Ј-GTTGAGGATCGTTTGAAATCCGCATTCGGTTGGGGACTGACTGTG and its complementary strand (mutations are underlined). Mutant DnaA was purified as previously described for wild-type and other mutant DnaA proteins (22, 34) . Briefly, KA450 cells bearing pKW24-1 were incubated at 37°C in 7.2 liters of LB medium containing thymine (50 g/ml) and ampicillin (50 g/ml), expression of mutant dnaA genes was induced by adding 1% arabinose to log phase cells, and incubation was continued for 2 h. KA450 cells bearing pKW23-2 were similarly incubated, except at 30°C, the growth rate of this strain was normal at 30°C, but significantly reduced at 37°C. Protein was precipitated from cleared lysates with ammonium sulfate (0.22 g/ml) and dialyzed against buffer C. Insoluble materials were collected, washed with buffer C containing 0.6 M ammonium sulfate, and dissolved in buffer C containing 0.6 M ammonium sulfate, 4 M guanidine, and 10 mM magnesium acetate. Proteins were separated on a Superose 12 HR10/30 gel filtration column equilibrated with buffer D, and fractions containing DnaA monomers were pooled (fraction IV). Wild-type DnaA was purified from KA450 cells bearing pKA234 that were incubated at 30 or 37°C. All activities tested were essentially the same for wild-type DnaA samples purified from cells grown at 30 or 37°C (data not shown).
Gel Mobility Retardation Assays-Experiments using a 15-bp DNA fragment were performed essentially as previously described (12, 35) . Briefly, the indicated amounts of DnaA were incubated for 30 min on ice in buffer (12.5 l) containing 0.8 mM ATP and 2.5 pmol of a 15-bp DNA fragment containing the DnaA R1 box. Reaction products were subjected to 8% PAGE at 4°C, stained with Gel-Star (Cambrex), and quantified densitometrically with the NIH Image program.
Experiments using a minimal oriC-containing fragment were performed according to methods previously described, with minor modifications (13, 36) . The oriC DNA (469 bp) was isolated as an AvaI fragment from pBSoriC. The indicated amounts of DnaA protein were incubated for 5 min at 20°C in buffer (10 l) containing 20 mM Hepes-KOH (pH 8.0), 5 mM magnesium acetate, 1 mM EDTA, 4 mM dithiothreitol, 0.2% Triton X-100, 5% (v/v) glycerol, 0.5 mg/ml bovine serum albumin (BSA), the oriC fragment (50 fmol), and 2 mM ATP or ADP. Reaction products were analyzed at room temperature by 1% agarose gel electrophoresis (5.66 V/cm, 70 min) and Gel-Star staining.
Surface Plasmon Resonance Analysis-Kinetic measurements using a single DnaA box-containing double-strand DNA were made according to published methods, with minor modifications (37, 38) . Biotinylated double-stranded DNA containing the DnaA R1 box was prepared from 5Ј-bio-TCCTTGTTATCCACAGGGCAG (the DnaA box is underlined) and its non-biotinylated complementary strand. A control DNA was prepared from 5Ј-bio-TCCTTGAACTATATCGGGCAG (a nonsense box is underlined) and its non-biotinylated complementary strand. The nonsense box is a sequence that has no specific affinity for DnaA (12) . These DNAs (50 resonance units) were, respectively, immobilized on the SA sensorchip (Biacore). DnaA protein was incubated for 3-5 min at room temperature in HKM150 buffer containing 64 M ATP. A portion was then injected into the Biacore X flow cells filled with HKM150 buffer at 22°C at a flow rate of 40 l/min.
RIDA Activity Analysis-DnaA-ATP hydrolysis dependent on Hda and the DNA-loaded pol III ␤ subunit was assessed as previously described, with minor modifications (9, 39) . Briefly, [␣- In Vitro Minichromosome Replication Systems-A minichromosome replication system was reconstituted with purified proteins essentially as previously described (6, 31, 40) . The indicated amounts of DnaA were incubated for 30 min at 30°C in a reaction mixture (25 l) containing DnaB (150 ng), DnaC (92 ng), DnaG primase (36 ng), gyrase A subunit (180 ng), gyrase B subunit (230 ng), single-strand binding protein (290 ng), HU protein (5.0 ng), pol III* (220 ng), pol III ␤ subunit (40 ng), pBSoriC (200 ng), 20 mM Tris-HCl (pH 7.5 at 1 M), 0.1 mg/ml BSA, 8 mM dithiothreitol, 10 mM magnesium acetate, 125 mM potassium glutamate, 2 mM ATP, 0.5 mM each GTP, CTP, and UTP, 100 M each dNTP, and [␣- 32 P]TTP (100 -150 cpm/pmol). An in vitro DnaA-complementing system with the minichromosome M13KEW101 and a crude protein extract (WM433 fraction II) was prepared as previously described (22, 32) .
Reconstituted ABC-primosome Replication System-Experiments were performed essentially as previously described (31) . The indicated amounts of DnaA were incubated for 10 min at 30°C in a reaction mixture (25 l) containing M13-A site ssDNA (220 pmol as nucleotide), 20 mM Tris-HCl (pH 7.5 at 1 M), 0.1 mg/ml BSA, 8 Detection of Duplex Opening at oriC with P1 Nuclease-Experiments were performed essentially as previously described (34) . Reaction mixtures (50 l) contained 60 mM Hepes-KOH (pH 7.6), 8 mM magnesium acetate, 30% (v/v) glycerol, 150 fmol of pBSoriC, 0.32 mg/ml BSA, 13 ng of HU protein, and 5 mM ATP. After incubation for 1 min at 38°C, reactions were further incubated for 30 s at 38°C in the presence of ATP-DnaA or ADP-DnaA, followed by incubation with P1 nuclease (12 units; Yamasa Co.) for 50 s at the same temperature. Reactions were stopped by the addition of a solution (20 l) containing 1% SDS and 50 mM EDTA, and DNA was purified with a QIAquick spin column (Qiagen). Seven percent of the eluates was digested with ScaI and analyzed by 1% agarose gel electrophoresis, Gel-Star staining, and densitometric quantification.
DNase I Footprint Analysis-Experiments were performed according to described methods, with minor modifications (14, 41) . The oriC fragment (419 bp) was prepared by PCR with the primers 5Ј-CCCGGGCCGTGGATTCTAC and 32 P-end-labeled 5Ј-GAAGATCAA-CATTCTTGATCACG. The indicated amounts of DnaA were incubated for 10 min at 37°C or for 30 min on ice in buffer (20 l) containing 25 mM Hepes-KOH (pH 7.6), 2.75 mM magnesium acetate, 5 mM calcium acetate, 4 mM dithiothreitol, 10% (v/v) glycerol, 0.2% Triton X-100, 0.5 mg/ml BSA, 11 ng (40 fmol) of end-labeled oriC fragment, and 3 mM ATP or ADP. DNase I (0.64 milliunits; Invitrogen) was added and incubation was continued for 4 min at 37°C. Reactions were stopped by addition of a solution (20 l) containing 4.5 M guanidine isothiocyanate and 0.5 M potassium acetate (pH 5.0). DNA was purified with a Wizard SV spin column (Promega). A portion (4.2 ϫ 10 4 cpm) was dried under vacuum, dissolved in a standard formamide/EDTA sample buffer (2.5 l), and loaded on a 5% polyacrylamide (Long Ranger; Cambrex), 7 M urea gel (30 ϫ 40 cm). DNA in the gel was fixed in 20% methanol, 10% acetic acid and analyzed using the BAS-2500 Bio-imaging analyzer (Fuji Film). Sanger sequencing ladders used as reference markers were prepared with the primer used for end labeling.
RESULTS
DnaA R285A Is Inactive for in Vivo Initiation-To determine whether a specific DnaA arginine residue corresponds to the AAAϩ family-specific arginine finger motif, we constructed DnaA R281A-and DnaA R285A-overproducing plasmids. Sequence comparison suggests that DnaA arginine 285 is an arginine finger (23, 28) , and homology modeling supports this idea as this residue is exposed on the protein surface (22) (Fig.  1 ). Because DnaA arginine 281 is widely conserved among eubacterial DnaA homologs and is another arginine finger candidate (24, 28), we also analyzed this residue.
First, we performed a plasmid complementation test in a temperature-sensitive dnaA46 mutant to ask if the DnaA Arg-281 and Arg-285 residues are required for the initiation of chromosomal replication. The DnaA46 protein is unstable at 41°C with a half-life of about 25 min in vivo (43) . When plasmids bearing either the dnaA R281A or dnaA R285A allele were transformed into the dnaA46 mutant (KA413), colonies were formed at 30°C with a similar efficiency. However, when transformants were incubated at 42°C, the plasmid bearing the dnaA R285A allele (pKW24-1) did not support colony formation (Table I) . In these experiments, the inducer arabinose was not included in the medium, thereby allowing only leaky expression. Immunoblot analysis indicated that DnaA proteins were expressed from both plasmids at similar levels, even at 42°C (Fig. 2) .
Purification and DNA Binding Activity of DnaA Mutant Proteins-We next expressed each mutant dnaA gene as well as wild-type DnaA in a chromosomal dnaA-disrupted mutant and purified the products by a previously described method (22, 34) . As was the case for wild-type DnaA at the final step of purification using Superose-12 gel filtration, mutant DnaA monomers were well isolated from aggregates that included DnaA and phospholipids ( Fig. 3A) (30) . DNA binding activity, as monitored by a gel mobility-retardation assay, was seen for fractions containing DnaA monomers ( Fig. 3A) (35) . Monomer fractions were pooled and the purity of DnaA they contained was determined by SDS-PAGE to be Ͼ90% (Fig. 3B) .
We next assessed the DNA-binding kinetics of mutant DnaA proteins by surface plasmon resonance analysis using 21-bp DNA fragments containing the DnaA R1 box or a nonspecific sequence that is not recognized by DnaA (Fig. 3, C-E ). This analysis indicated that both mutant proteins associate with the DnaA box with kinetics similar to that of wild-type DnaA (Fig. 3F) .
Adenine Nucleotide Binding and DnaA-ATP Hydrolysis-A filter retention assay indicated that binding affinities for ATP and ADP are comparable for the mutant and wild-type DnaA proteins (Fig. 4, A and B) . The dissociation constants (K D ) of DnaA R281A for ATP and ADP were about 20 and 45 nM, respectively, those of DnaA R285A were about 15 and 42 nM, respectively, and those of the wild-type protein were 32 and 74 nM, respectively, values that are consistent with data from previous reports (22, 30, 45) .
We next assessed the weak DnaA-intrinsic ATPase activity that slowly hydrolyzes DnaA-bound ATP in a DNA-dependent manner, producing ADP-DnaA (45) . Unlike wild-type DnaA, DnaA R285A did not exhibit this activity (Fig. 4C) . In contrast, the hydrolysis of ATP bound to DnaA R281A was about 5-fold higher than for ATP bound to wild-type DnaA. The stability of binding of ATP or ADP to DnaA during the course of this experiment was unaffected by either mutation (data not shown). These results indicate that the two arginine residues play a role in maintaining the intrinsic ATPase activity of DnaA directly or indirectly (see "Discussion").
In the RIDA reaction, DnaA-ATP is efficiently hydrolyzed in a manner depending on the Hda protein and the DNA-loaded form of the pol III ␤ clamp subunit (6, 8, 9) . The wild-type and mutant DnaA proteins were incubated in a reaction mixture containing various amounts of Hda, nicked circular X174 DNA, the ␤ clamp, and pol III*, which bears clamp loading (42) and POV-Ray programs (Persistence of Vision). This model is based on the crystal structure of the ADP-bound form of the P. aerophilum Cdc6, a DnaA homolog (22) . ADP and the side chains of the arginine 281, 285, and 334 residues are shown as ball-and-stick models.
activity. This assay indicated that Hda-dependent DnaA-ATP hydrolysis is not significantly affected by the R281A or R285A substitutions (Fig. 4, D and E) . The slightly elevated levels of ATP hydrolysis seen for DnaA R281A in the Hda-limited range are presumably caused by the high intrinsic ATPase activity of this mutant (Fig. 4C) .
DnaA R281A and R285A Are Inactive for Minichromosome Replication in Vitro-We next assessed the activity of the mutant proteins for replication initiation at oriC in vitro. In a system reconstituted with purified proteins, both DnaA R281A and R285A were effectively inactive at 30°C for minichromosome replication, although a slight activity was seen for DnaA R281A when incubation was prolonged beyond 60 min (Fig. 5,  A and B) . DnaA R281A exhibited about 50% activity of the wild-type DnaA when incubated at 37 or 42°C in this system, although it was totally inactive at 20°C (data not shown). DnaA R285A did not exhibit significant activity in reactions performed for 60 min at 20, 37, or 42°C (data not shown). Similarly, significant activity was not seen at 30°C for either mutant protein in an in vitro DnaA complementation system using crude protein fractions (Fig. 5, C and D) . These results indicate that DnaA Arg-281 and Arg-285 play crucial roles in replicational initiation at oriC in vitro.
DnaB Helicase Loading Activity-To investigate the role of DnaA Arg-285 in the initiation mechanism, we assessed its activity for DnaB helicase loading using the ABC primosome system for ssDNA replication. In this in vitro system, the DnaB helicase is loaded onto single-strand binding protein-coated ssDNA at a specific site by direct interaction with DnaA bound to a hairpin containing a DnaA box, and replication of ssDNA carried out by pol III holoenzyme and DnaG primase, which directly binds to DnaB (46) . The activity of DnaA R285A in this system was found to be 50% of the wild-type DnaA and DnaA R281A activities (Fig. 5E) . When the reaction time was prolonged, DnaA R285A promoted replication almost to the level seen for wild-type DnaA (Fig. 5F) .
The DnaA R285A Mutant Does Not Exhibit oriC Duplex Unwinding Activity-To further characterize the essential role of DnaA Arg-285 in initiation at oriC, we assessed oriC duplex unwinding activity using a P1 nuclease assay (34, 45) . In this assay, an oriC plasmid (3.6 kb) is incubated in the presence of ATP, DnaA, and P1 nuclease, which cleaves DNA at singlestranded sites, followed by digestion with ScaI (Fig. 6A) . If DnaA unwinds duplex at the oriC 13-mer region, digestion with P1 nuclease and ScaI produces 1.6-and 2.1-kb fragments. The results of this assay indicated that DnaA R285A is essentially inert for oriC duplex unwinding, unlike wild-type DnaA, and that DnaA R281A is slightly impaired in this activity (Fig. 6, B  and C) . During the preparation of this manuscript, Felczak and Kaguni (29) reported that DnaA R281A can form an open complex with oriC but this complex is defective in DnaB loading due to instability of the DnaA R281A multimer on oriC.
DnaA R285A Forms Multimeric Complexes on oriC DNA-To assess events prior to oriC duplex unwinding, we used a gel mobility retardation assay to ask if DnaA R285A can form homomultimers on oriC DNA. As electron microscopy observation suggests that 20 -30 DnaA molecules are included in an initiation complex (10), we incubated variable amounts of DnaA, ranging up to about 50 input DnaA molecules per oriC, before carrying out gel electrophoresis. As previously reported (13, 36) , we observed that ATP-bound wild-type DnaA forms multimeric DnaA complexes with oriC (Fig. 7A) . When ADPDnaA was similarly used, we also observed the formation of multimeric complexes, but the mobility of the ADP-DnaA complex was slightly faster than that of the ATP-DnaA complex, especially in the range of about 50 molecules input DnaA per oriC (Fig. 7A) . ADP-DnaA multimers formed on oriC may be less stable than ATP-DnaA multimers (18, 36) . When 3.2-26 DnaA molecules per oriC were used, slight differences were also seen for ATP-DnaA and ADP-DnaA in the mobility of oriC complexes, but these were less reproducible. Similar results were obtained for DnaA R285A, indicating that the mutant protein can form multimers on oriC (Fig. 7B) .
ATP-DnaA R285A Forms an ADP-DnaA-like Complex on oriC-We next investigated by footprint analysis whether the DnaA R285A mutation affects the higher-order structure of the oriC-DnaA multimer complex. Previous footprint analyses of oriCDNAshowedthatDnaAspecificallybindsinaconcentrationdependent manner to several sites including the DnaA R1, R2, R3, R4, and M boxes (10, 11, 15, 41, 47) . Moreover, the I2 and I3 sites specifically interact with ATP-DnaA but not with ADPDnaA (15).
We performed DNase I footprint experiments using oriC 
FIG. 2.
Quantitative immunoblot analysis of DnaA. KA413 cells (dnaA46) bearing pING1 (vector), pKA234 (wild-type dnaA), pKW23-2 (dnaA R281A), or pKW24-1 (dnaA R285A) were grown at 30°C in LB medium containing thymine (50 g/ml) and ampicillin (50 g/ml) until the optical density (A 660 ) reached 0.2. A portion (5 ml) of each culture was withdrawn, the remainder was further incubated for 75 min at 42°C, and a portion including the total cell volume equivalent to that harvested at 30°C was withdrawn. Proteins in one-tenth of each sample were subjected to immunoblot analysis as previously described (44) . KA451 (dnaA850::Tn10) was used as a background control, and purified DnaA was mixed with whole cell extract of this strain for a quantitative standard. Bands corresponding to DnaA are indicated by an arrow.
DNA incubated at 37°C with various amounts of wild-type DnaA or DnaA R285A (Fig. 8) . We show two footprint images that were optimized for lower (Fig. 8A) or higher (Fig. 8B ) molecular weight ladders, using different running times during electrophoresis. In these experiments, a range of 50 -300 DnaA molecules per oriC fragment was tested to detect the previously reported ATP-DnaA-specific binding (14, 41) . Consistent with earlier observations, wild-type ATP-DnaA interacted with the DnaA R1-R4 and M boxes as well as the I2 and I3 sites (Figs.  8 and 9A) . Interaction of the wild-type DnaA and DnaA R285A with the high affinity DnaA R1 and R4 boxes was detected even for levels of DnaA as low as 100 -200 nM. Interaction with a lower affinity site, the DnaA R2 box, was observed at higher concentrations, 200 -400 nM of both proteins. The ATP form, but not the ADP form, of wild-type DnaA interacted with the I2 and I3 sites at levels greater than 300 nM. Furthermore, we detected ATPDnaA-specific interaction with the I1 site at similar concentrations. ATP-DnaA-dependent interactions with the DnaA R3 and M boxes and with flanking regions were also detected, as well as interaction with a site flanking the DnaA R1 box.
FIG. 3. Purification and DnaA box binding activity of mutant DnaA proteins.
Wild-type and mutant DnaA proteins were overproduced in KA450 cells (⌬oriC dnaA(Am)) and purified as described under "Experimental Procedures." A, the final step of purification of wild-type DnaA (WT), DnaA R281A (R281A), and DnaA R285A (R285A). Samples (0.76, 1.0, and 1.1 mg, respectively) were fractionated using a Superose 12 HR10/30 gel filtration column, and the absorbance (A 280 ) was plotted (solid and dotted lines). A portion (0.6 l) of each fraction was included in a gel mobility-retardation assay with a 15-bp DNA fragment containing a DnaA box, and the amounts of free DNA (unbound by DnaA) were determined. circles, wild-type; triangles, R281A; squares, R285A. Monomer fractions (fraction numbers 38 -42) were pooled. B, the pooled samples (0.5 g each) of DnaA R281A (R281A) and DnaA R285A (R285A) were analyzed by 10% SDS-PAGE and Coomassie Brilliant Blue R-250 staining. In contrast, ATP-DnaA R285A did not bind to ATP-DnaAspecific sites such as the I1-I3 sites, the region covering the DnaA R3 and M boxes, and a site flanking the DnaA R1 box, thereby resulting in a footprint pattern similar to that of ADPDnaA rather than ATP-DnaA (Figs. 8 and 9A ). Similar results were obtained when reactions were incubated on ice before DNase I digestion (data not shown). These results thus indicate that DnaA R285A is defective in forming an ATP-DnaA-specific initiation complex structure, suggesting that the Arg-285 residue plays an essential role in the formation of this structure. Regions flanking the DnaA M box, where DNase I cleavage is significantly reduced or enhanced in an ATP-DnaA-dependent manner, contain sequences similar to the I2 and I3 sites, which we here term the 1 and 2 sites (Fig. 9B) . DnaA R285A-mixed oriC Complexes Are Active for Initiation-To ask if all DnaA molecules in the initiation complex must contain the Arg-285 residue to allow initiation, we included various ratios of wild-type DnaA and DnaA R285A in a minichromosome replication system reconstituted with purified proteins. Although reaction mixtures of DnaA R285A alone were totally inactive for initiation, replication occurred with mixtures containing DnaA R285A and a limited amount of wild-type DnaA that is otherwise insufficient to allow the initiation of replication (Fig. 10) . In this respect, DnaA R285A resembles ADP-bound wild-type DnaA (48) . We thus suggest that the DnaA Arg-285 residue plays a specific role in the formation of an active initiation complex and that this role is performed by a subgroup of the DnaA molecules complexed with oriC.
DISCUSSION
In this study, we identified a DnaA amino acid residue that plays a specific role in an ATP-specific conformational change in the initiation complex. Our footprint analysis revealed that the DnaA Arg-285 residue is required for ATP-dependent interaction between DnaA and oriC but is irrelevant for the ADP-DnaA-oriC complex (Figs. 8 and 9 ). These conclusions can explain the observations that DnaA R285A fails to open the duplex strand of oriC (Fig. 6) , to replicate minichromosomes in vitro (Fig. 5) , and to complement the temperature-sensitive growth of dnaA46 cells (Table I) . A specific role for the DnaA Arg-285 residue is also supported by data showing that DnaA R285A retains activities required for binding to the DnaA R1 FIG. 5. DnaA R285A is active for DnaB loading but not for initiation at oriC. DnaA activities were assessed using minichromosome replication systems reconstituted with purified proteins (A and B) or a crude protein fraction and purified DnaA (C and D) , and a single-stranded DNA replication system dependent on DnaA and DnaB (E and F). The indicated amounts of wild-type DnaA (WT), DnaA R281A (R281A), and DnaA R285A (R285A) were incubated at 30°C for 30 (A), 20 (C), or 10 min (E). 2 (B and D) or 0.1 pmol (F) of DnaA proteins were incubated at the same temperature for the indicated times. Circles, wild-type; triangles, R281A; squares, R285A; and diamonds, without DnaA. box and ATP/ADP (Figs. 3 and 4) , RIDA-dependent ATP hydrolysis (Fig. 4) , formation of the ABC primosome (Fig. 5) , and formation of homomultimers on the oriC fragment (Fig. 7) .
Unlike the wild-type form, the ATP-bound form of DnaA R285A does not recognize ATP-DnaA-specific sites (Figs. 8 and  9 ). Taken together with the specific defect of DnaA R285A in oriC duplex opening, this observation supports the idea that binding of ATP-DnaA to ATP-DnaA-specific sites correlates with a conformational change in the initiation complex that is required for oriC duplex opening, a crucial event for replicational initiation (15) . This proposal accords with our previous results obtained using immunoprecipitation and synchronized cell cultures that the in vivo ATP-DnaA level fluctuates, peaking around the time of replicational initiation (7). More importantly, the loss in affinity of ATP-DnaA R285A for ATP-DnaAspecific sites suggests that the Arg-285 residue plays a crucial role in recognizing DnaA-bound ATP in the initiation complex and that this role is required for conformational activation of the initiation complex.
The arginine finger is a highly conserved motif in the AAAϩ protein superfamily (23) (24) (25) (26) . In members of this family, this specific arginine residue is suggested to interact with ATP bound to an adjacent protomer in a multimeric complex, thereby affecting inter-subunit interactions, ATP recognition, or ATP hydrolysis (25, 26) . Based on the present finding that the DnaA Arg-285 residue is required to recognize ATP bound to DnaA in an initiation complex, we hypothesize that DnaA Arg-285 functions as an arginine finger and that it interacts with ATP bound to an adjacent DnaA molecule in an initiation complex, leading to a specific conformational change in the complex. This hypothesis is consistent with the idea that the DnaA R285A mutant fails to maintain ATP-DnaA-specific inter-DnaA interactions, resulting in the formation of an inactive ADP-DnaA-like oriC complex. Direct interaction of the Arg-285 residue with ATP remains to be demonstrated.
Our footprint experiments indicated that ATP-DnaA binds to several specific sites in addition to the DnaA R1, R2, and R4 boxes (Figs. 8 and 9 ). As the affinities of DnaA for the DnaA R3 and M boxes are very weak compared with that for other DnaA boxes (12, 13) , an ATP-DnaA-specific inter-DnaA interaction might be required for stable binding to these sites under the conditions we used. During our present study, Leonard and co-workers (15) found by dimethyl sulfate footprint experiments that the I2 and I3 sites, but not the I1 site, are novel ATP-DnaA-specific binding sites. We observed ATP-DnaA-specific interaction for all three I sites (Figs. 8 and 9 ). In addition to the I1-I3 sites, our footprint analysis identified two novel sites that ATP-DnaA specifically interacts with, the 1 and 2 sites (Figs. 8 and 9 ). The differences between the two studies might be caused by differences in footprinting methods or in DnaA purification procedures, or in the presence or absence of His tag in DnaA. ATP-DnaA-specific binding to the I2 and I3 sites is not altered in the supercoiled form of oriC DNA (15) . The 1 and 2 sites, which share sequence homology with the I2 and I3 sites (Fig. 9B) , are highly conserved in the replication origins of enteric bacteria (49) . Considering that the I site 9-mer has only 5-6 bases of the DnaA box consensus sequence and that DnaA Arg-285 might play a role in inter-DnaA interaction, we speculate that the low affinity of DnaA for these sites is compensated for by ATP-DnaA-specific inter-DnaA interaction. This proposal can explain ATP-DnaA-specific binding to regions flanking the DnaA R1 and R3 boxes, where we do not observe specificity in sequence (Figs. 8 and 9 ), as well as the requirement for the Arg-285 residue in a minimal number of DnaA molecules complexed with oriC (Fig. 10) . In our present experiments, we did not detect binding of ATP-DnaA to the ATP-DnaA box in the 13-mer region. 2 In the original report by Speck and Messer (14) , ATP-DnaA binding to the I sites was not analyzed. Detection of binding to the ATPDnaA box might require different experimental conditions such as higher levels of DnaA. The affinity of ATP-DnaA for the ATP-DnaA box is about 400-fold lower than that for the DnaA R1 box. Also, these authors employed a different purification method and DnaA storage buffer, which might explain the discrepancies between the two sets of results.
The hydrolysis of DnaA-bound ATP is efficiently accelerated by RIDA. During RIDA, ATP-DnaA interacts with a complex consisting of the Hda protein and the DNA-loaded form of the pol III sliding clamp (6, 8, 9) . Like DnaA, Hda is a member of the AAAϩ superfamily (8, 23) . Recently, we revealed that the arginine finger motif of Hda is specifically required for DnaA-ATP hydrolysis in RIDA and presented a model in which the Hda arginine finger interacts with ATP bound to DnaA to stimulate hydrolysis (9) . The dispensability of the DnaA Arg-285 residue for RIDA is consistent with this model (Fig. 4, D  and E) .
Wild-type DnaA is associated with a weak intrinsic ATPase activity that slowly hydrolyzes bound ATP in a DNA-dependent manner (45). When we previously analyzed the DnaA R334A protein, which bears an amino acid substitution in the AAAϩ Box VIII (Sensor 2) motif, we found that the level of intrinsic ATPase activity was reduced to less than 10% of wild-type activity although replicational initiation activity was sustained in vitro and in vivo at a level comparable to that of wild-type DnaA (22) . Thus, we presume that the intrinsic ATPase activity of DnaA is unnecessary for its initiation activity. In our DnaA domain III homology model, the DnaA Arg-334 residue is located near the ␥-phosphate of ATP bound to the same monomer ( Fig. 1) (22) . A similar direct role of the corresponding arginine residue in ATP hydrolysis is also suggested for several other AAAϩ superfamily members (25, 26) .
During the preparation of this manuscript, Felczak and Kaguni (29) reported that a crude preparation of DnaA R285A was inactive in the initiation of minichromosome replication in vitro, although they did not analyze purified DnaA R285A and explore roles for the DnaA Arg-285 residue in the initiation mechanism. Also, they suggested that DnaA Arg-281 may correspond to the arginine finger based on their findings that purified DnaA R281A is inactive for stable DnaA multimeroriC complex formation, whereas this protein binds ATP and DnaA boxes within oriC with affinities comparable to those of the wild-type DnaA. They speculated that inter-DnaA interaction is required for stable the DnaA multimer-oriC complex and thus that the DnaA Arg-281 residue plays a role in inter-DnaA interaction as the arginine finger. Instability of DnaA R281A multimer on oriC can be explained also by the hypothesis that the alanine residue substituted with arginine internally affects domain III conformation, thereby indirectly affecting the interDnaA-interacting structure. An important and remaining question concerns whether the DnaA Arg-281 residue functionally recognizes ATP bound to DnaA, as DnaA R281A can form an open complex, the ATP-DnaA-specific structure (Fig. 6) (29) .
In addition, Felczak and Kaguni (29) reported that binding of ATP to DnaA R281A is unstable compared with binding to wild-type DnaA, which we did not observe. This difference might be due to the N-terminal His tag or to the purification method. Changes in the intrinsic ATPase activity caused by the R281A and R285A substitutions might be the secondary consequences of the effect of the substituted alanine residues on the tertiary structure flanking the bound ATP of the same monomer (Fig. 4C) . They reported also that expression of the dnaA R281A allele does not support minichromosome maintenance in a dnaA-null mutant, although the temperature used for this experiment is not described (29) . In our experiments, expression of the dnaA R281A allele supported growth of the dnaA46 mutant at 42°C (Table I ). These observations might be explained by the cold-sensitivity of DnaA R281A activity as we observed in a reconstituted minichromosome replication system (see "Results"). Also, it is possible that the dnaA expression levels might be considerably different, as expression systems are different.
The SV40 large T antigen, a member of the AAAϩ superfamily, bears activities as an initiator protein and replicative helicase of the viral DNA (3, 23) . Recent analysis provided the crystal structure of the ATP-and ADP-bound forms of the viral initiator homohexamer (50) . The homohexamer forms a ring and is suggested to alter conformation by an iris-like motion in an ATP/ADP-dependent manner (50, 51) . This conformational change is also suggested to require inter-subunit interactions that involve the ATP-bound interface. As multimer formation and nucleotide-dependent conformational change are important features of AAAϩ superfamily members (25, 26) , we speculate that DnaA multimers complexed with oriC undergo a specific conformational change in an ATP-dependent manner via inter-DnaA interactions, which is required for the formation of an open complex. The origin recognition complex of Saccharomyces cerevisiae consists of six subunits including three AAAϩ family members (24) . As this complex interacts with the replication origin in an ATP-binding-dependent manner (52), common features might be shared by DnaA and origin recognition complex in their mechanisms for ATP recognition and conformational change affecting DNA-binding modes.
